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Background Previous epidemiologic studies of workers at nuclear weapons facilities
have not included X-ray exposures as part of the occupational radiation exposure. The
research objective was to determine the contribution of work-related chest X-ray (WRX)
exposure relative to the cumulative occupational radiation exposure.
Methods Cases and controls were identified from a cohort of workers whose employment
began as early as 1943. Medical records for 297 subjects were used to determine the bone
marrow dose from their X-ray examinations. Individual dose data, however, were only
available for 45 workers. Bone marrow dose estimates were calculated by converting the
entrance-skin-exposure (from X-ray procedures) and occupational exposure (from
monitoring data) to dose.
Results Stereoscopic photofluorography delivered a bone marrow dose nearly 100 times
that delivered by today’s chest X-ray technique. Photofluorography was the predominant
radiation source during the 1940s and 1950s. The cumulative WRX dose was, on average,
50 times their occupational doses. No correlation between occupational and WRX dose
was found, but may be due to the small study size and incomplete dose data.
Conclusions These findings illustrate the importance of including WRX doses in
retrospective epidemiological studies of radiation workers, especially if photofluoro-
graphic chest X-rays were performed and occupational exposure to ionizing radiation is
low. Am. J. Ind. Med. 42:490–501, 2002. Published 2002 Wiley-Liss, Inc.y
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INTRODUCTION

The majority of knowledge about risks to humans from

radiation exposure has been derived from the study of highly

exposed populations, such as the Japanese atomic bomb

survivors, persons treated for disease using radiation, radium

dial painters, and former uranium miners [NRC, 1990].

These risk estimates are the basis for protection standards,

even though most lifetime exposures are much lower than

those upon which the standards have been based. In fact, risk

estimates for cumulative occupational exposure are based

upon a linear extrapolation of the risks from higher cumula-

tive exposures. This extrapolation method has been the sub-

ject for some recent controversy [NCRP, 2001].

The conventional exposure assessment strategy used in

epidemiologic studies of radiation workers was to determine

their exposures from existing occupational radiation expo-

sure records. However, these records do not include infor-

mation on the number and frequency of work-related X-ray

examinations (WRX) received by workers because medi-

cally-related exposures were not considered an occupational

exposure. Furthermore, guidance from technical advisory

committees and government regulations specifically exempt

facilities from including medically-related exposures [ICRP,

1977; NCRP, 1993; CFR, 2002]. In practice, workers were

directed to remove their radiation dosimeter whenever X-ray

examinations were performed so that the radiation exposure

would not interfere with measurements of occupational

exposure. On the other hand, historical health monitoring

practices required that workers receive periodic chest X-rays

as a condition of their employment, especially if their job

placed them in a hazardous work environment [Cantril, 1946;

Cantril et al., 1946].

The objective of this research is to determine the contri-

bution of WRX exposure relative to the cumulative occupa-

tional radiation exposure received by workers at the Oak

Ridge Gaseous Diffusion Plant (code named K-25), a facility

recognized as having a low penetrating radiation exposure

potential. Historical records at the K-25 plant were reviewed

to ascertain the number and type of WRX performed. Bone

marrow dose associated with each X-ray was calculated for a

subset of workers included in a multiple myeloma case-

control study. Cumulative occupational radiation doses re-

corded for these workers were also converted to bone marrow

dose for comparison with WRX doses.

Historical Medical Surveillance
Program

During the fall and winter of 1942–1943, an extensive

medical safety program was developed for Manhattan

Engineering District (MED) workers involved in secret

operations at government facilities primarily in Oak

Ridge, Tennessee, Los Alamos, New Mexico, and Hanford,

Washington. One of the first issues to be addressed by the

Medical Section was protecting workers from toxic radiation

and dusts from uranium salts [Ahnfeldt et al., 1966]. Workers

also had to pass a pre-employment physical exam that includ-

ed a photofluorographic chest X-ray. Fluoroscopic studies

were conducted on those whose chest X-rays were difficult to

interpret. Results of all these tests, except the fluoroscopic

evaluations, were recorded in the workers’ medical files.

Periodic or ‘‘interval’’ medical exams were scheduled

for all workers on a frequency that depended upon the job

classification. Three reasons for these examinations were (1)

to present any symptoms or problems which may have had an

occupational origin, (2) to detect and follow the progression

of any sign of change resulting from occupational exposures,

and (3) to identify and correct any working conditions that

may have caused deleterious symptoms [Cantril, 1946]. This

practice continues today with only the frequency of exami-

nations changing over time [Schilling, 1973; Rom et al.,

1983; Stellman et al., 1998]. In the early 1940s, radiation

workers were examined monthly. By the mid-1940s, the

interval was increased to 7 or 8 weeks for those directly

involved in the radiation work [Cantril, 1946]. Other workers

were scheduled for examinations at 3- to 6-month intervals.

Between the 1960s and 1970s, the frequency of routine health

examinations was reduced to annual for radiation workers

and discontinued for workers considered unexposed to ioniz-

ing radiation. By the 1980s, radiation workers were schedul-

ed to receive medical examinations once every 5 years,

although government inspection reports document that the

K-25 plant medical surveillance program continued to con-

duct chest X-rays annually [Cardarelli, 2000]. Thus, radia-

tion workers as a group are likely to have received more

chest X-rays than other workers.

Review of Radiographs and Work
Related Chest X-Rays

A review of the K-25 chest X-ray films found in the

historical medical records revealed that the photofluoro-

graphic technique was used during the 1940s and 1950s and

was later replaced by more conventional techniques for

medical screening. Although an outdated technique relative

to current technology, photofluorography had widespread

use throughout the United States for tuberculosis screening in

the 1930s and was state-of-the-art medical technology when

work at the gaseous diffusion plant was started as part of the

Manhattan Project.

Two X-ray machines were used at the site during the

1940s and 1950s: (1) a General Electric (GE) Model KX-10

Photoroentgen X-ray machine,used primarily for photofluoro-

graphy of the chest and (2) a Westinghouse 200 MA X-ray

machine, used with an adjustable table and fluoroscopic

attachment to examine extremities, spine, hips, skull, shoul-

der, and other non-thoracic locations. The Westinghouse
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machine was also capable of producing a conventional 1400 �
1700 chest X-ray but it primarily served as a back up to the GE

X-ray machine [Cardarelli, 2000]. The GE machine was used

with a lyselia grid to produce miniature 400 � 500 stereoscopic

posterior–anterior (PA) chest X-rays [Cardarelli, 2000]. The

‘‘stereoscopic’’ technique produces two images of the chest

(on 400 � 1000 film) at slightly different angles resulting in a

three-dimensional image of the chest when viewed through a

stereoscope [Mason, 1944; Hemphill and Diercks, 1945].

The techniques used to produce PA chest X-rays with the

Westinghouse and GE machines were very different. In a

conventional chest X-ray, the X-ray beam passes through the

chest and directly exposes the film to produce an image of the

chest [Quinn, 1945]. In a photofluorographic chest X-ray,

the X-ray beam passes through the chest, exposes a fluore-

scent screen producing an image of the chest, and then the

fluorescent screen is photographed (Fig. 1) [Verstandig and

Ainsworth, 1944]. The photofluorographic technique deliv-

ered a higher exposure to the subject since more exposure

time was required to produce a fluorescent image. During the

late 1950s, photofluorography was phased out at the Oak

Ridge K-25 plant and replaced with the conventional chest

X-ray technique used today. Between the late 1950s until the

early 1970s, only the conventional PA chest X-ray technique

was employed at the site for routine chest X-ray examina-

tions, which substantially reduced the radiation exposure

delivered to the subjects per chest X-ray exam. In 1962, a

Westinghouse 300 mA machine was installed, replacing the

previous machines. Additional X-ray exposure was intro-

duced in the early 1970s when the health-monitoring pro-

gram added a lateral (LAT) chest view to the routine chest

X-ray examination procedure [Cardarelli, 2000]. A new

Westinghouse 500 mA X-ray unit was installed in 1987 to

replace the 300 mA machine. Routine PA and LAT chest

views were performed through the year 2000. Thus, it is

essential to know the evolution of specific X-ray techniques

and procedures that were used in routine health monitoring

examinations to accurately estimate the contribution of

WRX to the total dose received by a worker [Preston-Martin,

1995; Cardarelli, 2000].

Occupational Radiation Exposures

Personnel exposures to external ionizing radiation were

determined from film badge and thermolumenscent dosi-

meters, which measured the penetrating gamma radiation

emitted from various radioactive sources at the site (uranium

decay products, calibration sources, and other radioactive

contaminants). Measurement results from 1943 through 1985

were stored in a computerized database representing �30%

(12,000/40,000 workers) of the total workforce that ever

worked at the plant through 1985. This low percentage of

monitored workers is an outcome of practices employed at

the site, which included variable dosimeter exchange

frequencies and a limited selection criteria for monitoring

workers [Cardarelli, 2000]. Watkins et al. [1997] suggested

FIGURE 1. Photofluorographic technique used to obtain miniature 400 � 500 images of the chest; 1940s^1950s. Source: PHS [1946].
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that unmonitored workers at K-25 were unexposed to

radiation because site health physicists decided that few

workers were at risk. However, review of the historical health

physics administrative policies suggest that unmonitored

workers could have received exposure but at levels below

some regulatory threshold, and that monitored workers may

have been monitored for only a fraction of their work history.

Table I lists the descriptive statistics of the cumulative dosi-

metry results for these workers. Figure 2 illustrates the dose

distribution for those workers ever monitored at the site

between 1943 and 1985.

There were nearly 76,000 individual dosimeter results

for 11,884 workers in the external dosimetry computer file.

Approximately 70% of the doses in the file were recorded as

zero and greater than 98% of the recorded cumulative doses

for workers were less than 10 mSv (1 mSv¼ 100 mrem)

[Galloway, 1992]. The large number of recorded zero doses

suggests the use of an administrative practice to record zero

doses below some threshold, usually the limit of detection.

This practice was common at Department of Energy facilities

[NIOSH, 1993; Watkins et al., 1997]. Although occupational

radiation exposure data may be censored and incomplete,

these limitations are similar to those routinely encountered in

other epidemiological studies involving hazardous chemical

or physical materials.

METHODS

Study Population

The overall study population consisted of workers that

died from multiple myeloma (cases) and their respective

controls selected from a cohort of 47,941 workers ever

employed at the K-25 Gaseous Diffusion Plant. Five controls

were selected for each case using an incidence density

sampling strategy and matched on gender, race, and age-at-

risk. A vital status update through 1989 found that 36% of

this total work force was deceased [NIOSH, 1994]. A total

of 364 potential study subjects (62 cases and 302 controls)

were identified for the NIOSH study. Medical records for

297 workers (52 cases and 245 controls) were found in the on-

site records vault; 58 workers (10 cases and 48 controls) were

listed in the computerized external dosimetry database. For

45 workers (8 cases and 37 controls) medical records and

computerized dosimetry data were available (Table II).

Statistical Analysis

The dosimetry records of the 297 workers with WRX

data were used to describe exposures associated with the

medical surveillance program at the facility. Records from 45

workers with both WRX and occupational exposures were

used to assess exposure misclassification and to test the

assumption that WRX exposures are randomly distributed

among the working population. The latter was conducted

using the PC/SAS statistical software package (PC/SAS

Version 6.12, 1996).

Exposure Assessment From
WRX Sources

Bone marrow dose was chosen as the metric for com-

paring exposures from WRX and occupational sources

because (1) multiple myeloma originates in the bone marrow,

(2) other researchers have used this metric to assess risk

[Flodin et al., 1987; Yamamoto et al., 1988; Boice et al.,TABLE I. Cumulative Occupational Dose for All Workers Ever Monitored
at the Oak Ridge K-25Plant: 1943^1985

Parameter Dose (mSv)a

Minimumdose 0
Maximumdose 89.2
Mean dose 3.1
Median dose 1.1
Geometric mean 0.5

N¼11,884.
a1mSv¼100 mrem.

FIGURE 2. Dose distribution of monitored workers at the K-25 gaseous diffu-

sion plant 1943^1985 (N¼11,884).

TABLE II. Number of Study SubjectsWithWRX and Occupational External
Dosimetry Results,Oak Ridge K-25 Plants

Study subjects ALLsubjects WRXdose Occupational dosea Both

No. of cases 62 52 10 8
No. of non-cases 302 245 48 37
Total 364 297 58 45

aNumbers determined from search of computerized dosimetry file, N¼11,884.
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1991; Kato et al., 1991; Gilbert et al., 1996; Kato et al., 2001],

and (3) methods have been developed to calculate bone

marrow dose from radiation exposures [Kereiakes and

Rosenstein, 1980; ICRP, 1987; ICRU, 1988; Johansson

et al., 1995]. The method of Kereiakes and Rosenstein [1980]

used in this study converts WRX entrance-skin-exposures

(ESE) into bone marrow dose. Values for ESE and bone

marrow dose conversion factors listed on Table III show how

the ESE changed with time according to the chest X-ray

technique. The bone marrow dose conversion factors ap-

plied for chest PA and LAT X-rays were 1.55 mGy/R and

0.66 mGy/R, respectively. An adjustment factor, af, was

incorporated into the algorithm that represented the percen-

tage of photofluorographic versus conventional chest X-ray

examinations performed during the 1940s and 1950s.

Chest X-ray ESEs were determined from site-specific

X-ray calibration reports and values reported in the scientific

literature. Although the bone marrow dose conversion factors

were constant, ESEs were known to change with time due to

improvements in the technology [Birnkrant and Henshaw,

1945; Kereiakes and Rosenstein, 1980; Cardarelli, 2000]. For

example, faster film speeds and the introduction of inten-

sifying screens significantly reduced the duration and inten-

sity of the X-ray beam resulting in a reduction in ESE. For

all non-chest X-ray examinations, a single set of ESE

values were taken from tables published in Kereiakes and

Rosenstein [1980] and applied to the bone marrow dose

algorithms.

The relationship between bone marrow dose, D, and

ESE for the WRX exposures received between 1944 and

1956 is given by Equation (1):

D ¼ ESE � af � CFbm � #views ð1Þ

where D is the bone marrow dose (mGy), ESE is the entrance-

skin-exposure (R) associated with the particular X-ray

technique used at the time, af is the adjustment factor that

represents the percentage of photofluorography versus con-

ventional X-ray examinations, CFbm is the ESE to bone

marrow dose conversion factor suggested by Kereiakes and

Rosenstein [1980] (mGy/R), and #views is the number of

views taken during the procedure (two views for photofluor-

ography and one view for conventional chest X-ray pro-

cedure). Frequently, radiologists request X-ray procedures

to be repeated when the image is not suitable for a diagnosis.

No information was contained in medical records regarding

these retakes, so this additional source of exposure could

not be evaluated.

Exposure Assessment From
Occupational Sources

Computerized records of occupational radiation expo-

sures contain shallow and deep dose estimates, where the

shallow dose reflects exposure limited to the skin and theTA
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deep dose designates exposure received by all tissue and

organs located throughout the body cavity. The deep dose

was converted to a bone marrow dose using conversion

factors recommended by ICRP and ICRU [ICRP, 1987;

ICRU, 1988] and is similar to the conversions methods used

by Gilbert et al. [1996]. For this study, it was assumed that

the average photon energy for uranium decay products was

�200 keVand that a worker was in a variable (i.e., rotational)

orientation with respect to the source of radiation. A rota-

tional orientation was adopted because it results in the most

realistic estimate of bone marrow dose from occupational

sources and is consistent with mobility of the worker during

the performance of a job (Table IV).

RESULTS

A total of 2,188 X-rays were performed among the

297 workers. Chest X-rays were performed most frequently

(78.6%), followed by extremities (12.3%), lumbar spine

(2.3%), and skull (2.2%). X-ray examinations of the shoulder,

cervical spine, ribs, hips, thoracic spine, abdomen, and pelvis

accounted for the remaining 4.6 percent of the X-rays

(Table V).

Results from reviewing radiographs of the 87 randomly

selected workers indicate that the photofluorographic chest

X-ray technique was exclusively used for workers who

retired before 1956. No stereoscopic films (400 � 1000) dated

after 1956 were found in these medical X-ray records.

Entrance-skin-exposures from photofluorographic PA

chest X-rays were 50–250 times greater than conventional

PA chest X-rays [Verstandig and Ainsworth, 1944; Quinn,

1945; Cardarelli, 2000]. Figure 3 illustrates the calculated

bone marrow dose (milliGray per procedure) over time from

photofluorographic and conventional PA chest X-rays. The

time period with the highest average bone marrow dose from

chest X-rays occurred between 1943 and 1956 due to the use

of the GE Model KX-10 Photoroentgen X-ray machine. The

bone marrow dose from this machine was �3.85 mGy for

each view resulting in a total bone marrow dose of 7.70 mGy

per each stereoscopic PA chest X-ray procedure. The

conventional chest X-ray technique used less frequently

during the same time period would have delivered a bone

marrow dose of about 0.08 mGy. In 1970, a lateral (LAT)

view was added to the conventional PA chest X-ray exami-

nation slightly increasing the total bone marrow dose deli-

vered during the health screening exam.

The collective bone marrow dose delivered to the

297 workers being studied was 7.1 Gy from WRX photo-

fluorographic PA chest X-ray examinations as compared to

0.07 Gy from all other WRX conventional X-ray examina-

tions (Table VI). The maximum individual cumulative bone

marrow dose from occupational exposure was 0.02 Gy. The

mean and geometric mean cumulative bone marrow doses

(N¼ 58 workers) were 2.57 and 1.64 mGy, respectively

(Table VII).

Cumulative bone marrow doses for the 45 study subjects

with both WRX and occupational data were categorized into

quintiles based on their cumulative bone marrow dose. In

four of the five groups, WRX accounted for over 95% of the

total bone marrow dose (Fig. 4). In the lowest cumulative

dose group, WRX accounted for nearly 70% of the dose.

Seventy-eight percent (35/45) of the workers changed expo-

sure category when WRX were considered, although this was

not unexpected for a skewed distribution. Thirty-six percent

(16/45) moved two or more exposure categories (Table VIII).

TABLE IV. Ratio of BoneMarrowDose to Deep Dose Equivalenta

Photon energy (keV)

Conversion factors

AP Rotational Isotropic

80 0.400 0.924 0.732
100 0.457 0.988 0.793
200 0.532 1.038 0.832
500 0.595 1.005 0.802
1,000 0.659 1.000 0.812
3,000 0.759 0.971 0.844

aDetermined fromTables C.1and 6 of ICRP Report 51 (1987).

TABLE V. Frequency of X-Ray Examinations Found in the Medical Records
of 297 Study Subjects, Oak Ridge K-25Plant

Type Number of examinations Percent

Chest 1,719 78.56
Extremities 269 12.30
Lumbar spinea 50 2.28
Skullb 48 2.19
Shoulderc 31 1.42
Cervical spine 20 0.91
Ribsd 13 0.59
Hipse 12 0.55
Thoracic spinef 11 0.51
Abdomeng 8 0.37
Pelvis 7 0.32
Total 2,188 100

aLumbar spine examinations include lumbar spine (43), coccyx (1), sacral spine (1),
and sacral-iliac region (5).
bSkull examinations include skull (26), mandible (4), nose (2), paranasal sinuses (7),
sinuses (8), and right cheek (1).
cShoulder examinations include shoulder (29), clavicle (1), and sterno-clavicular (1).
dRib examinations include ribs (6), lower rib cage (1), left ribs (4), right ribs (1), and
sternum (1).
eHip examinations include hip (11) and ilium/hip joint (1).
fThoracic spine examinations include thoracic spine (6), spine (2), and dorsal spine (3).
gAbdominal examinations include abdomen (6), and K.U.B. (2).
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Bone marrow doses from WRX exposures exceeded

those from occupational exposures by nearly a factor of

50, on average (Table IX; N¼ 45). This finding was almost

entirely due to the photofluorographic chest X-rays con-

ducted during the 1940s and 1950s (Table VI).

Site specific historical documents suggest that workers

assigned to potentially hazardous jobs were scheduled for

health examinations at a greater frequency than workers

considered ‘‘non-exposed’’ [Cardarelli, 2000]. Despite this

suggestion, no statistically significant correlation between

occupational and WRX dose was found among the 45 work-

ers in this analysis (r¼�0.007 Pearson, P¼ 0.96; r¼ 0.198

Spearman, P¼ 0.19).

DISCUSSION

Previous epidemiologic studies of workers employed at

nuclear weapons facilities during the Manhattan project and

subsequent Cold War typically do not include WRX as a

source of occupational radiation exposure for several reasons.

First, historical radiation monitoring records do not include

WRX exposure estimates. Second, there is a perception

FIGURE 3. Bonemarrowdoseestimates forchestX-rayexaminations,by timeperiodandtype.

TABLE VI. BoneMarrowDose Estimates forWork Related X-Rays Performedon 297 Oak Ridge K-25 Subjectsa

Time period
Number of study subjects

employed
Number of X-ray
procedures

Chest film size
(inches)

Cumulative bonemarrow dose

Chest view (mGy) Other views (mGy)

1943^1949 200 673 4�10 4,238.5
109 14�17 6.9 17.2

1950^1959 90 675 4�10 2,812.4
114 14�17 17.2 32.2

1960^1969 62 366 14�17 16.4 13.1
1970^1979 31 191 14�17 9.5 2.9
1980^1989 14 50 14�17 2.3 0.07
1990^1993 1 10 14�17 0.2 0.9
Total 2,188 7,103.4 66.3
Photofluorographicprocedures 1,348 7,050.9
Conventional procedures 840 52.5 66.3

aAny change over time is due to the study subjects work histories and does not reflect the workload of the medical X-ray department.
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among researchers that the contribution from chest X-rays is

very low compared to other sources of radiation encountered

at the workplace [Norwood et al., 1972]. Third, epidemiol-

ogists have traditionally assumed that exposure from WRX

was randomly distributed throughout the working popula-

tion, so that effects associated with this exposure would not

influence the analysis [Gilbert, 1991; Mitchell et al., 1997].

And fourth, the effort necessary to retrieve, interpret, and

evaluate this source of radiation exposure is large and costly.

Studies that have evaluated X-rays used the number of X-rays

received by a study subject or their duration of employment

as a surrogate for exposure; none incorporated the radiation

dose into their analyses [Cuzick and De Stavola, 1988;

Boffetta et al., 1989; Davis et al., 1989; Wing et al., 1991;

Eriksson, 1993; Hatcher et al., 2001].

In this exposure assessment study, WRX was included

as part of the cumulative occupational dose estimate by

combining the bone marrow dose contributions from WRX

and occupational exposures. Combining WRX and occupa-

tional dose increased the number of workers with cumulative

doses above 50 mGy (Table VIII), which has been shown to

drive dose response relationships [Frome et al., 1997]. These

results will be used in an ongoing NIOSH study to assess any

relationship between multiple myeloma deaths among K-25

workers and several exposure parameters such as external

ionizing radiation, chemicals, and uranium. WRX is consi-

dered as an additional source of external radiation [NIOSH,

1994]. The NIOSH study will complement the study by Wing

et al. [2000] which combined the workers at four other DOE

facilities (Los Alamos National Laboratory [LANL], Oak

Ridge National Laboratory [ORNL], Savannah River Site,

and Hanford) and reported a relationship between multiple

myeloma deaths and exposure to external penetrating ioniz-

ing radiation. Wing et al. concluded that multiple myeloma

was associated with low-level, whole body radiation doses at

older ages, but that the cumulative dose was not associated

with the disease. Although Wing et al. included the number of

X-rays received by workers in their analyses, they did not

assess the associated dose. These combined dose estimates

may be especially important for evaluating health outcomes

for workers at a low dose facility like the K-25 plant.

Gilbert [1991], Gilbert and Fix [1995] stated that dose

from medical exposures is not likely to bias dose–response

TABLE VII. Bone Marrow Dose Estimates Calculated From Whole Body
Occupational ExposureMeasured for 58RadiationWorkersa

Statistic Bone marrow dose (mGy)

Minimum 0
Maximum 23.2
Mean 2.6
Median 1.2
Geometric mean 1.6

aOnly 45 workers had WRX and occupational data.

FIGURE 4. AveragecumulativebonemarrowdosefromWRXandoccupationalexposures.Eachquintilecontainsestimatesfornine

workers.

Significance of Radiation Exposure 497



relationships unless the medical dose is strongly correlated

with the occupational dose, and that no reason is known

for suspecting a correlation. Although we collected site-

specific reports that suggest medical dose is correlated with

occupational dose, this study did not find a statistically

significant correlation between WRX and occupational doses

[Cardarelli, 2000]. However, the lack of a statistical correla-

tion may be due to the small number of workers included in

the analysis (N¼ 45) and the limited amount of occupational

dose information. Further, risk coefficients could be biased

even if WRX dose is uncorrelated with occupational dose,

especially in the extreme situation as portrayed in this paper.

Research on a larger group of workers is needed to better

understand the strength of any correlation between WRX and

occupational doses. It is possible in this limited exposure

assessment that the dose estimates for the 45 subjects may be

among the highest at the facility, since the selection criteria

required both WRX and badge data. Because of the monitor-

ing practices at this facility, workers having both WRX and

badge data may have received greater exposure than non-

monitored workers. A larger study would include workers

with WRX only who had badge data either missing or set at

zero. Nonetheless, the relationship between WRX and occu-

pational dose could be different in other cohorts, especially

during calendar periods before and after the use of photo-

fluorographic technology.

Presently, there is no requirement for a standardized

or centralized system that records WRX or other medical

radiation exposures, although such a recommendation was

made by Morgan [1974]. As a result, culling information on

WRX exposures from the medical records for an epidemio-

logic study can be very resource intensive. Access to these

records is not always available to non-government research-

ers which may also explain why WRX exposures have not

been evaluated in past studies. However, even though NIOSH

was granted access to the historical files, medical records for

19% (67/364) of the study subjects could not be found.

The method used to convert WRX exposures into bone

marrow doses accommodates all the changes in X-ray

techniques through time at the K-25 plant, including the

use of photofluorographic X-rays. Further research is needed

to determine if imputation strategies could be used to

estimate WRX and occupational doses for workers with un-

located or missing medical or dosimetry records. One method

to estimate WRX doses from missing medical records would

be to use the correlation between medical examinations and

occupational exposure. Cantril [1946] stated that workers

exposed to radiation and other hazardous chemicals had more

frequent medical examinations (including routine chest

X-rays), than ‘‘non-exposed’’ workers. Other sources of dose

that impact estimates of WRX exposure are (1) the number of

‘‘retakes’’ examinations (ranging between 1 and 15% of the

total number of exams), and (2) the undocumented exposure

times (i.e., exposure intensity) for fluoroscopy examinations

[Brandt et al., 1987; Boice et al., 1991; ICRP, 1993]. Retakes

are repeated diagnostic X-rays that are required because

initial films were of poor quality or improperly developed.

Similarly, various methods have been developed to esti-

mate the ‘‘missed dose’’ from occupational exposures for

epidemiologic studies [NIOSH, 1993; Frome et al., 1997;

Mitchell et al., 1997; Watkins et al., 1997]. Our research

findings regarding WRX exposures indicate that it may be

a major contributor to such ‘‘missing dose,’’ especially if

photofluorographic chest X-rays were used in a particular

cohort.

The importance of diagnostic and therapeutic X-ray

exposure and its relationship to various health outcomes has

also been evaluated for atomic bomb survivors studied by the

Radiation Effects Research Foundation (RERF) [Antoku

et al., 1972; Russell and Antoku, 1976; Yamamoto et al.,

1988; Kato et al., 1991; Kato et al., 2001]. Regular biennial

clinical examinations of survivors in the RERF Adult Health

Study (AHS) began in 1958. The examination schedule

was set so that a representative cross section of the entire

TABLE VIII. Changes Among Dose Categories Between Occupational and Total Dose Estimates (Occupational
PlusWRXDose)a

OccupationalþWRXdoses (mGy)a

76.8^< 131.7 4 1 2 2
50.2^< 76.8 1 1 1 3 3
29.5^< 50.2 1 2 2 3 1
13.4^< 29.5 6 1 1 1
0^< 13.4 2 1 3 1 2

Dose
Categories

0 0^< 0.9 0.9^< 1.3 1.3^< 2.0 2.0^< 24.0
Occupational doses only (mGy)b

aEach category contains nine study subjects. Bold cells represent no change in worker categorization. Italic cells represent a
change in worker categorization.
bDose categories are a result from the desire to have an equal number of workers per quintile.
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TABLE IX. BoneMarrowDose Estimates for 45 Study Subjects FromWRXand Occupational Sources

Subject Id

Cumulative bone marrow dose estimates (mGy)a

Duration of employment (years) Year first employedWork related X-ray dose Occupational dose Cumulative dose

1 0.2 0.01 0.21 4.71 1979
2 0.3 5.3 5.6 3.66 1973
3 0.5 1.2 1.7 7.82 1973
4 1.0 6.4 7.4 37.67 1945
5 1.1 0.9 2.0 18.67 1973
6 1.7 1.3 3.0 10.69 1960
7 1.9 0.3 2.2 13.55 1973
8 2.3 1.1 3.4 19.11 1962
9 13.4 0.01 13.41 3.54 1953
10 13.7 0.4 14.1 9.27 1952
11 13.8 0.01 13.81 20.22 1945
12 14.3 0.01 14.31 4.89 1956
13 20.7 1.2 21.9 32.08 1949
14 21.0 0.01 21.01 2.15 1955
15 21.0 0.01 21.01 5.99 1952
16 26.6 0.01 26.61 2.13 1953
17 26.9 22.4 49.3 6.91 1953
18 27.2 1.1 28.3 31.86 1952
19 27.5 1.9 29.4 22.53 1950
20 33.2 0.01 33.21 3.82 1945
21 33.5 0.7 34.2 11.04 1951
22 33.8 1.3 35.1 25.01 1952
23 34.4 1.1 35.5 32.19 1950
24 39.9 1.2 41.1 6.14 1952
25 46.8 1.9 48.7 10.69 1951
26 47.2 1.8 49.0 34.43 1945
27 47.5 0.3 47.8 33.80 1944
28 54.1 1.8 55.9 33.79 1945
29 60.7 1.3 62.0 25.86 1944
30 60.9 0.01 60.91 24.44 1944
31 61.8 2.6 64.4 38.93 1945
32 63.1 0.5 63.6 35.69 1945
33 69.0 9.3 78.3 25.82 1945
34 70.0 1.4 71.4 36.94 1945
35 70.2 3.4 73.6 19.66 1944
36 73.4 3.3 76.7 13.43 1945
37 74.2 1.2 75.4 36.33 1945
38 80.8 1.2 82.0 34.92 1945
39 83.5 0.01 83.51 28.53 1944
40 89.3 0.6 89.9 30.97 1945
41 89.4 7.4 96.4 18.95 1945
42 95.0 0.2 95.2 19.41 1945
43 108.9 1.4 110.3 28.46 1944
44 127.3 0.3 127.6 18.44 1944
45 130.4 1.3 131.7 12.02 1945

a0.01mGy was added to all dose estimates to facilitate log transformation.
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population could visit the clinic during any month. Ap-

proximately 1.4% of the survivors have also received large

therapeutic radiation doses [Kato et al., 2001] whereas the

majority of survivors in the AHS were subject to biennial

examinations that included routine abdominal and chest

radiography [Kato et al., 1991]. It is unknown whether the

photofluorographic technique was used by the RERF in

performing chest X-ray examinations. These studies inves-

tigated excess mortality among survivors due to leukemia

and cancers of the lung, breast, stomach, colon, and thyroid

and salivary glands. Diagnostic and therapeutic medical

X-ray doses were noted as a substantial contributor to the

cumulative dose estimate and the authors concluded that

medical X-rays doses should be included in the epidemio-

logic analyses, especiallyamong the lowest exposed survivors.

This study demonstrates that WRX exposures, received

as part of a work-related medical surveillance program, can

be a significant contributor to cumulative radiation dose.

Incorporating these types of exposures into the cumulative

dose estimate may improve our understanding of the health

affects associated with chronic low-level exposures to ioniz-

ing radiation. For example, Wing et al. [1991] concluded that

the radiation-cancer dose response was 10 times higher for

workers at ORNL than estimates from the follow-up of

atomic bomb survivors. Two reasons provided by Wing et al.

[1991] to possibly explain these controversial findings were

concomitant chemical carcinogen exposures and an under-

estimate of cumulative dose in ORNL workers. WRX

exposures were not mentioned in Wing et al. [1991] as a

potential contributor to dose. Had such exposures been

included in the cumulative dose estimates, the risks per unit

dose may have been lower. However, further research is

needed to assess the impact it may have on studies of larger

worker populations, especially where the occupational

exposures are higher with better monitoring data.
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